The primary mobile electron-carrier in the aerobic respiratory chain of Salmonella is ubiquinone. Demethylmenaquinone and menaquinone are alternative electron-carriers involved in anaerobic respiration. Ubiquinone biosynthesis was disrupted in strains bearing deletions of the ubiA or ubiE genes. In soft tryptone agar both mutant strains swam poorly. However, the ubiA deletion mutant strain produced suppressor mutant strains with somewhat rescued motility and growth. Six independent suppressor mutants were purified and comparative genome sequence analysis revealed that they each bore a single new missense mutation, which localized to genes for subunits of NADH : quinone oxidoreductase-1. Four mutants bore an identical nuoG(Q297K) mutation, one mutant bore a nuoM(A254S) mutation and one mutant bore a nuoN(A444E) mutation. The NuoG subunit is part of the hydrophilic domain of NADH : quinone oxidoreductase-1 and the NuoM and NuoN subunits are part of the hydrophobic membrane-embedded domain. Respiration was rescued and the suppressed mutant strains grew better in Luria-Bertani broth medium and could use L-malate as a sole carbon source. The quinone pool of the cytoplasmic membrane was characterized by reversed-phase HPLC. Wild-type cells made ubiquinone and menaquinone. Strains with a ubiA deletion mutation made demethylmenaquinone and menaquinone and the ubiE deletion mutant strain made demethylmenaquinone and 2-octaprenyl-6-methoxy-1,4-benzoquinone; the total quinone pool was reduced. Immunoblotting found increased NADH : quinone oxidoreductase-1 levels for ubiquinone-biosynthesis mutant strains and enzyme assays measured electron transfer from NADH to demethylmenaquinone or menaquinone. Under certain growth conditions the suppressor mutations improved electron flow activity of NADH : quinone oxidoreductase-1 for cells bearing a ubiA deletion mutation.
INTRODUCTION
The facultatively anaerobic, Gram-negative bacterium Salmonella enterica serovar Typhimurium has a flexible respiratory chain. The energy from the proton motive force (Mitchell, 1979) resulting from respiratory chain activity has many functions that include the synthesis of ATP by F 1 F o ATP synthase, active transport of nutrients across the cytoplasmic membrane, export of unwanted solutes, and biogenesis and rotation of the flagellum (Chevance & Hughes, 2008) . The respiratory chain comprises two classes of enzymes, dehydrogenases functioning as quinone reductases and terminal reductases functioning as quinol oxidases. Isoenzymes are present for some of these enzymes (Unden & Bongaerts, 1997) . At least ten different electron donor substrates are oxidized and electrons are transferred to terminal reductases or oxidases for reduction of at least eight different electron acceptors. Oxygen is the optimal terminal electron acceptor.
One of the most important primary dehydrogenases of the bacterial respiratory chain is dihydronicotinamide adenine dinucleotide (NADH) : quinone oxidoreductase-1 (NDH-1), which appears to be the only proton-pumping NADH dehydrogenase (Brandt, 2006) . For S. enterica, it consists of 13 subunits with a total mass of about 550 kDa (Baradaran et al., 2013) . These 13 subunits are also conserved in animal mitochondrial respiratory complex I, which is made of 45 subunits having a combined mass of about 980 kDa (Carroll et al., 2006; Hunte et al., 2010) . There is also NADH : quinone oxidoreductase-2 (NDH-2), a singlesubunit enzyme with a molecular mass of 47 kDa (Calhoun & Gennis, 1993) . In aerobic respiration, NDH-2 has high activity and is important in ensuring a wellbalanced NAD + /NADH ratio under optimal energetic yields (Friedrich & Pohl, 2007) . Also important in aerobic respiration is succinate : quinone oxidoreductase, which is structurally and functionally equivalent to mitochondrial respiratory complex II (Cecchini et al., 2003) . Other important dehydrogenases in aerobic respiration include pyruvate oxidase, D-lactate dehydrogenase and glycerol-3-phosphate dehydrogenase (Unden & Bongaerts, 1997) . The aerobic respiratory chain contains three types of quinol oxidases for oxidation of quinol coupled to the reduction of oxygen to water, cytochrome bo 3 , cytochrome bd-I and cytochrome bd-II (Borisov et al., 2011) . Cytochrome bo 3 is a member of the superfamily of haem-copper respiratory oxidases, which include mitochondrial respiratory complex IV.
There are three types of quinone molecules, which act as mobile membrane-based electron-carriers between the dehydrogenases and the terminal reductases ( Fig. S1 available in the online Supplementary Material). Ubiquinone-8 is the main quinone under aerobic conditions, and the naphthoquinones demethylmenaquinone-8 and menaquinone-8 are favoured during anaerobic respiration (8 is the number of isoprene subunits in the side chain). The three types of quinones have different midpoint redox potentials (E9 m ), which limit the reaction partners for the quinones: ubiquinone-8, +0.11 V; demethylmenaquinone-8, +0.04 V; and menaquinone-8, 20.08 V (Unden & Bongaerts, 1997) . Demethylmenaquinone has recently been demonstrated to donate electrons to all three quinol oxidases (Sharma et al., 2012) . Ubiquinone and the naphthoquinones are synthesized from chorismate by separate pathways (Meganathan & Kwon, 2009 ). The ubiA gene encodes 4-hydroxybenzoate octaprenyltransferase, and it converts 4-hydroxybenzoate into 3-octaprenyl-4-hydroxybenzoate by the addition of all-transoctaprenyl diphosphate (Søballe & Poole, 1998) . The ubiE gene encodes ubiquinone/menaquinone biosynthesis methyltransferase, which performs two reactions: one converts 2-octaprenyl-6-methoxy-1,4-benzoquinone into 2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinone in the biosynthetic pathway for ubiquinone and the other converts demethylmenaquinone into menaquinone (Lee et al., 1997) . A ubiA deletion mutation prevents ubiquinone from being synthesized, but does not block synthesis of menaquinone or demethylmenaquinone, while a ubiE deletion mutation prevents ubiquinone and menaquinone from being synthesized, but not demethylmenaquinone.
We recently identified loss-of-function mutations in the ubiA and ubiE genes [ubiA(Q253P) and ubiE(G12V), respectively] that improved motility of an S. enterica mutant strain. That strain had one of the proteins of the flagellar export apparatus (FlhB) replaced with a homologue from another species, as part of a cross-complementation study (Barker & Samatey, 2012) . However, it has long been known that mutants of E. coli defective in ubiquinone biosynthesis lack flagella and are immotile under aerobic conditions (Bar Tana et al., 1977) . This is because reduced ability to generate the proton-motive force would compromise the energy source for flagellar biogenesis and rotation (Chevance & Hughes, 2008) . In this study, strains of S. enterica were created bearing deletion mutations of the ubiA or ubiE genes to confirm that motility and flagellar biogenesis would be inhibited. These mutant strains swam poorly in soft tryptone agar. However, the ubiA deletion mutant strain produced suppressor mutant strains with enhanced motility after extended incubation in soft tryptone agar. These strains have been characterized to determine the reason for the rescued motility.
METHODS
Strains, plasmids and culture conditions. S. enterica strains and plasmids are listed in Table 1 . All strains were routinely grown aerobically with continuous shaking (250 r.p.m.) at 37 uC in LuriaBertani (LB) broth medium, or alternatively in M9 minimal medium supplemented with an appropriate carbon source (Sambrook & Russell, 2001) . When required, ampicillin (100 mg ml 21 ), kanamycin (50 mg ml 21 ) or tetracycline (15 mg ml
21
) was added to media. Media ingredients were from BD. All other chemicals were obtained from Sigma-Aldrich or Wako.
Strain constructions. The S. enterica substrain SJW1103 was used as the parent strain for mutants derived in this study. Oligonucleotide sequences used in PCR to generate products for chromosomal manipulations are available in Table S1 . In-frame deletions were made in ubiA, ubiE or nuoG genes according to the established method of bacteriophage lambda Red homologous-recombination (Datsenko & Wanner, 2000) . To introduce the nuoG(Q297K), nuoM(A254S) or nuoN(A444E) alleles into SJW1103, an established method also based on lambda Red recombination was used (Karlinsey, 2007) .
Assay of motility and isolation of motile suppressor mutants.
Soft tryptone motility agar containing 0.35 % (w/v) agar was used in motility assays at 30 uC (Toker et al., 1996) . Swimming of cells was observed using an Olympus BX53 system microscope fitted with a DP72 digital camera with phase-contrast settings at 6006 magnification. To isolate suppressor mutant strains with rescued motility, 10 ml of an overnight culture was inoculated as a vertical streak into soft tryptone agar at 30 uC. After about 48 h, suppressor mutant strains were visible as regions of increased motile outgrowth. They were purified by inoculation onto fresh LB agar.
Whole genomic DNA sequencing. An Illumina Genome Analyser IIx was used for parallel sequencing of the 4.9 Mbp genomes of S. enterica strains. A multiplexed 50 bp paired-end read genomic DNA sequencing run was used. For each sequenced genome, 4.4 Gbp of data were obtained. Library samples were prepared according to the protocol of Barker & Samatey (2012) and Illumina instructions for multiplexing. Data processing of the sequence output from the Genome Analyser IIx was performed using the Illumina Genome Analyser Pipeline software. Sequence data were then analysed using Mapping and Assembly with Quality sequence analysis software (Li et al., 2008) and independently by mapping with Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.net/), formatting with SAMtools (http://samtools.sourceforge.net/) and single nucleotide polymorphism calling with SAMtools and BCFtools to identify fixed mutations. The S. enterica strain LT2 genome sequence (NC_003197.1) was used as the reference platform.
Transmission electron microscopy of whole cells. Cultures were grown at 37 uC in 10 ml LB to an OD 600 0.8, and after gentle centrifugation (200 to 300 g, 10 min) cells were suspended in a half volume of molecular biology grade water. Cells were immobilized on Mextaform HF-34 200-mesh carbon-coated copper grids and stained with 1 % uranyl acetate. The grids were examined using a JEOL JEM-1230R transmission electron microscope at 100 keV. Flagellar morphology and numbers were examined for at least 30 cells from each sample.
Measurement of cellular respiration. Aerobic respiration rates were calculated from the rate of oxygen consumption of strains grown to mid-exponential phase (OD 600 0.5) at 37 uC in M9 minimal medium supplemented with 22 mM glucose. Rates of oxygen consumption were measured at least three times and were normalized to the amount of cell protein. Oxygen was measured using a Clark electrode (YSI 5300A Biological Oxygen Monitor, YSI) for 15 min at 37 uC. There was no detectable consumption of oxygen by the probe incubated without cells in M9 medium with 22 mM glucose for 15 min.
Isolation of the cell membrane. Cell membranes were prepared by sonication and French pressure cell disruption (Sinha et al., 2009; Torres-Bacete et al., 2007) . Briefly, cells were firstly grown overnight in 5 ml LB medium from freshly streaked plates at 37 uC. One millilitre of the above culture was used to inoculate 250 ml Terrific Broth medium and cells were grown at 37 uC with shaking (200 r.p.m.) until the OD 600 was about 2. Cells were then harvested at 5 800 g for 10 min and cell pellets frozen at "80 uC. After thawing, cell pellets were suspended at 10 % (w/v) in a buffer containing 10 mM Tris/HCl (pH 7.0), 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and 15 % (w/v) glycerol. Cell suspensions were sonicated twice (15 s) and then passed twice through a French press cell disruptor (Thermo Fisher Scientific) at 25 000 p.s.i. Cell debris was removed by centrifugation at 23 400 g for 10 min. Supernatants were centrifuged at 256 600 g for 40 min in a Beckman 70.1 Ti rotor. The membrane pellets collected were suspended in 1 ml of the same buffer, and the resulting membrane suspensions were frozen in liquid nitrogen and stored in small aliquots at 280 uC for later use. 
Lambda Red genetic engineering plasmid. Amp DAll strains were made in this study unless indicated. dCB394, CB395, CB396, CB397, CB398 and CB399 are independently isolated suppressor mutant strains from CB392.
Measurements of quinones. Quinone pools of extracted membrane fractions were characterized using a method modified from a previous report (Bekker et al., 2007) . Briefly, 100 ml membrane extract was added to 16 ml ice-cold 75 % (v/v) methanol with 0.75 ml trifluoroacetic acid ml 21 . To the methanol/water mixtures, 12 ml hexane was added and the samples were mixed using a vortex for 1 min. After centrifugation at 900 g for 2 min, the upper hexane phase was transferred to a clean tube. Another 12 ml hexane was added to the methanol/water layer, and the extraction process was repeated. Hexane extracts were combined and dried in a vacuum concentrator. Dried samples were analysed as described previously (Barker & Samatey, 2012; Bekker et al., 2007) at 276 nm by reversedphase HPLC (Paradigm MS4, Michrom Bioresources) and nano liquid chromatography-mass spectrometry (Nano LC-MS) using an LTQ Orbitrap (Thermo Fisher Scientific) equipped with the HPLC system.
Gel electrophoresis and immunoblotting. Using the extracted membrane fractions, 15 mg protein was first subjected to SDS-PAGE using a 15 % (w/v) gel. After electrophoresis, proteins were transferred onto nitrocellulose membranes, and Western blotting was carried out using the SuperSignal West Pico system (Thermo Fisher Scientific). Primary antibodies bound to NuoG, NuoF, NuoB, NuoK or NuoM proteins (Torres-Bacete et al., 2011) were detected with goat anti-rabbit IgG horseradish peroxidase conjugate as the secondary antibody (GE Healthcare).
Measurement of the enzyme activity of NDH-1. In addition to NDH-1, S. enterica also contains an alternative NADH : quinone oxidoreductase, NDH-2 (encoded by the ndh gene). Because NDH-2 cannot catalyse dNADH (reduced nicotinamide hypoxanthine dinucleotide; deamino-NADH), dNADH was used as a substrate to measure the activities derived from NDH-1 (Sinha et al., 2012) . The enzyme activity measurements were all performed at 30 uC using an SLM Aminco DW-2000 spectrophotometer (Olis). To measure dNADH-oxidase activity of membrane fractions, samples were prepared at 80 mg protein ml 21 in 10 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA, and reactions were started by addition of 0.15 mM dNADH. Oxidation of dNADH was assayed by decreased absorption at 340 nm. To measure dNADH-2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone (DB) reductase activity, assays were conducted similarly except that 10 mM KCN and 50 mM DB were also included in the assay mixture. To measure dNADH-K 3 Fe(CN) 6 reductase activity the assay was conducted similarly to the dNADH-DB reductase activity assay, except that 50 mM DB was replaced with 1 mM K 3 Fe(CN) 6 and reduction of K 3 Fe(CN) 6 was measured at 420 nm. Capsaicin-40 was used as an inhibitor of NDH-1 in dNADH-oxidase activity assays (Torres-Bacete et al., 2007) . Extinction coefficients of e 340 56220 M 21 cm 21 for dNADH and e 420 51040 M 21 cm 21 for K 3 Fe(CN) 6 were used for activity calculations, according to the manufacturer's (Sigma-Aldrich) specifications.
Protein measurement. A bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) with BSA as a standard was used according to the manufacturer's instructions to determine the protein concentrations of membrane extracts or whole cells. Whole cells were washed twice with de-ionized water and suspended in B-PER Reagent (Thermo Fisher Scientific) to lyse the cells, and then the protein concentration was determined.
Modelling of the structure of NDH-1. Structures of the hydrophobic domain of NDH-1 from Escherichia coli [Protein Data Bank (PDB) code 3RKO] and the entire NDH-1 from Thermus thermophilus (PDB code 4HEA) were visualized using FirstGlance in Jmol (http://firstglance.jmol.org). The NuoM proteins of S. enterica and E. coli share 97 % amino acid identity over their length, and their NuoN proteins share 95 % amino acid identity. NuoG of S. enterica and Nqo3 of T. thermophilus share 28 % amino acid identity overall.
RESULTS AND DISCUSSION
Suppressor mutant strains with rescued motility and growth from a mutant strain unable to synthesize ubiquinone Strains of S. enterica were made bearing deletion mutations of the ubiA gene (strain CB392) or the ubiE gene (strain CB393). The parent strain (SJW1103) is fully motile and has a functional pathway for ubiquinone biosynthesis. The motility of the two deletion mutant strains was examined in soft tryptone agar and both strains swam poorly from the point of inoculation in comparison with the wildtype. This was consistent with earlier studies of E. coli ubiquinone-biosynthesis mutant strains (Bar Tana et al., 1977) . Intriguingly, suppressor mutants with somewhat rescued motility arose 48 h after inoculation of the DubiA deletion mutant strain (CB392) into soft tryptone agar at 30 u C. The DubiE deletion mutant strain (CB393) was more motile than CB392 and it did not form suppressor mutants (by 48 h CB393 had spread all over the 9 cm tryptone agar plate). It was later discovered (as described below) that strain CB392 also harboured a spontaneous ubiE(T78I) secondary mutation.
From CB392, six independent suppressor mutants with rescued motility were purified from soft tryptone agar (Fig.  1a, b) . Genomic DNA was isolated from the wild-type strain SJW1103, CB392, and the suppressor mutants. The whole genome of each strain was sequenced (Table 2) . When the genome sequence of CB392 was compared with that of SJW1103, the ubiE(T78I) mutation was identified along with the DubiA mutation. In addition to the DubiA ubiE(T78I) mutations, each suppressor mutant strain bore a single nucleotide substitution encoding missense mutations within genes for subunits of NDH-1. Four strains (CB394, CB395, CB396 and CB397) bore an identical nuoG(Q297K) mutation, one strain (CB398) bore a nuoM(A254S) mutation, and the final strain (CB399) bore a nuoN(A444E) mutation. This result strongly argued for a role of NDH-1 in flagellar assembly and function, so the mutant strains and their properties were investigated further (derivation of these and other strains described in this study are summarized in Fig. S2 ).
Strains were grown in LB medium at 37 uC under aerobic conditions to examine their growth (Fig. 1c) . In LB medium, the main carbon sources are amino acids, whose breakdown products feed into the tricarboxylic acid cycle (Sezonov et al., 2007) . Growth was impaired for all ubiquinone-biosynthesis mutants in comparison with the wild-type strain. However, in comparison with strain CB392, both the growth rate and final cell density were increased in the suppressor mutants. Flagella biogenesis was examined by transmission electron microscopy (Fig.  2) . All strains produced flagella and, as expected, numbers of flagella were lower for ubiquinone-biosynthesis mutants in comparison with the wild-type. However, in comparison with strain CB392 flagella numbers were higher for the suppressor mutants and for strain CB393. Flagella of CB392 were functional, since motile cells were observed in liquid medium, but CB392 was less motile than the wildtype (Video S1).
Suppressor mutations in genes for components of NDH-1 rescued the rate of aerobic respiration
The rate of oxygen consumption was measured to compare the effect of mutations on respiratory chain activity. Strains were grown aerobically to mid-exponential phase in M9 minimal medium with 22 mM glucose ( Table 3 ). The respiration rate of the wild-type was 17.6 mmol O 2 (g protein) 21 h 21 while that of the DubiA ubiE(T78I) double mutant strain was about 6 % of the wild-type rate. Ubiquinone-independent aerobic respiration has been demonstrated previously (Søballe & Poole, 1998) . However, the respiration rate for the strains also bearing a third mutation in genes for components of NDH-1 was rescued to about 18 % of wild-type rate. New strains were made having only the ubiA deletion mutation and a mutation in a gene for a component of NDH-1 [i.e. without the ubiE(T78I) mutation]: DubiA nuoG(Q297K) (strain CB560), DubiA nuoM(A254S) (strain CB561) or DubiA nuoN(A444E) (strain CB562). These strains respired oxygen at about SJW1103 is a motile wild-type strain and swam from the point of inoculation. SJW1368 is a non-motile and non-flagellated strain. Strain CB392 is a DubiA ubiE(T78I) double mutant and strain CB393 is a DubiE deletion mutant. Strains CB394, CB395, CB396, CB397, CB398 and CB399 are suppressor mutant strains produced from CB392. The genotypes of strains CB394, CB395, CB396 and CB397 are the same: DubiA ubiE(T78I) nuoG(Q297K); CB398 is a DubiA ubiE(T78I) nuoM(A254S) mutant; and CB399 is a DubiA ubiE(T78I) nuoN(A444E) mutant. (b) Swimming rates of strains. Increase in swim ring diameter (mm) over time (h) for the strains inoculated into soft tryptone agar at 30 6C. Swimming rate of each strain was measured three times and the error bars represent standard deviations of the mean. (c) Growth of strains cultured aerobically in LB medium at 37 6C. Strains were SJW1103 ($), CB392 (#), CB393 (m), CB397 (g), CB398 ( ) and CB399 (h). Growth of each strain was measured at least three times and error bars representing standard deviations of the means were smaller than the symbols. 14 % of the wild-type rate, suggesting that the ubiE(T78I) mutation slightly increased respiration.
Growth using L-malate as a sole carbon source was rescued by suppressor mutations in genes for NDH-1 subunits
The ability of the strains to grow aerobically using alternative carbon sources was compared by growing them in minimal M9 medium supplemented with 22 mM glucose, 45 mM succinate or 90 mM L-malate as sole carbon sources at 37 u C (Fig. S3 ). These concentrations of succinate and L-malate were used previously to measure respiration-linked growth of E. coli mutant strains (Kervinen et al., 2004) . The wild-type strain grew on each carbon source. The DubiA ubiE(T78I) double mutant strain could not grow using succinate or L-malate as carbon sources, and grew poorly using glucose. The suppressor mutant strains bearing mutations in genes for NDH-1 subunits grew using L-malate. The wild-type strain grown using L-malate reached stationary-phase (OD 600 3.4) after 24 h while suppressor mutant strains and the DubiE mutant required 36 h (OD 600 0.6 to 1.1). Intriguingly, DubiA nuoG(Q297K), DubiA nuoM(A254S) or DubiA nuoN (A444E) double mutant strains exhibited a biphasic growth pattern: a first stationary phase (OD 600 of 0.06 to 0.08) was reached after 24 to 36 h and then there was another phase of growth and a second stationary phase (OD 600 0.50 to 0.96) was reached at 72 h. The second phase of growth could be due to altered gene regulation or generation of strains bearing new mutations. Experimental confirmation is required. A nuoG deletion mutant strain (CB498) grew using L-malate as a carbon source. Conversely, it is found that E. coli ubiA or nuoG mutant strains cannot use Lmalate as a sole carbon source (Cox et al., 1968; Kervinen et al., 2004) . Therefore, the regulation of the respiratory chains is different between S. enterica and E. coli.
Characterization of the membrane quinone pool
Extracted cell membrane samples were prepared for strains grown aerobically in Terrific Broth medium (allowing greater yield of subcellular membranes) to late exponential phase. This was to characterize the quinone composition of the membranes and to investigate the NDH-1 activity (Table 4 ). The membrane fraction from the wild-type strain contained about 1.86 mmol ubiquinone (g protein) 21 and 0.83 mmol menaquinone (g protein) 21 . For all of the strains bearing ubiA or ubiE deletion mutations, no ubiquinone was found and the total quinone pool was reduced. For strains bearing a ubiA deletion mutation, menaquinone and demethylmenaquinone were detected. The total quinone pool of the DubiA ubiE(T78I) mutant strain was about 16 % of that of the wild-type. Intriguingly, strains with DubiA ubiE(T78I) double mutations made more demethylmenaquinone than menaquinone and strains with only a DubiA mutation made more menaquinone than demethylmenaquinone. So possibly the ubiE(T78I) mutation reduces the activity of ubiquinone/menaquinone biosynthesis methyltransferase. For the DubiE mutant strain, demethylmenaquinone was found, but no ubiquinone or menaquinone. However, a small quantity of the ubiquinone precursor 2-octaprenyl-6-methoxy-1,4-benzoquinone was detected, as is known for cells with a ubiE deletion mutation (Lee et al., 1997) . Whether this ubiquinone precursor has a physiological role could be investigated in future.
Immunoblotting of NDH-1 and measurement of NDH-1 activity Levels of NDH-1 were compared for the membrane samples prepared from mutant strains by immunoblotting using single-polypeptide specific antibodies (Fig. 3) . The NuoG protein was detected in all membrane samples except for the negative control DnuoG mutant strain. Intriguingly, levels of NDH-1 were higher in membrane samples prepared from strains bearing deletion mutations in the ubiA or ubiE genes than in membrane samples prepared from strains that were able to synthesize ubiquinone.
Enzyme activity of NDH-1 was measured using the same cell membrane sample preparations from each of the strains as used for quinone measurements and immunoblotting (Table 4) . dNADH-oxidase activities for membrane fractions were determined to quantify the electron transfer activity of NDH-1. dNADH-oxidase activity depends upon the endogenous quinone pool. dNADH-DB activity also quantifies electron transfer by NDH-1, but an exogenous ubiquinone analogue (DB) is supplied. The dNADH-K 3 Fe(CN) 6 reductase assay measures the activity of the NADH dehydrogenase domain of NDH-1 only, and it was used as a measure for the activity of the cytoplasmic hydrophilic domain. dNADH-oxidase and dNADH-DB activities for the DnuoG mutant strain were 6 % of wildtype activity, while the dNADH-K 3 Fe(CN) 6 reductase activity for the DnuoG mutant strain was 40 % of wildtype activity, which surprisingly suggested there was some background dehydrogenase activity.
dNADH-oxidase activities for strains bearing mutations in the pathway for ubiquinone biosynthesis were reduced relative to wild-type levels (Table 4) . However, dNADHoxidase activities were all higher for the membrane fractions from ubiquinone-biosynthesis mutants (19 % to 90 % of wild-type) than for the DnuoG mutant, suggesting that NDH-1 transferred electrons from dNADH to *Oxygen consumption was measured using a Clark electrode at 37 u C for cells grown to exponential phase in M9 minimal medium with 22 mM glucose. Measurements were performed in triplicate and standard deviations are shown. DIt was not possible to obtain a stable strain with a DubiA mutation only and no secondary mutation. demethylmenaquinone or menaquinone (Meinhardt et al., 1990) . The dNADH-oxidase activities of the membrane samples from suppressor mutant strains were not significantly higher than for the membrane extracts from the DubiA ubiE(T78I) mutant strain. However, NDH-1 activities varied from mutant strain to mutant strain (Table 4) much more than protein levels, as monitored by immunoblotting (Fig. 3) . This finding suggests that the effects of the mutations to genes for the ubiquinone biosynthesis pathway and the mutations to the genes for components of NDH-1 had complex and interacting effects, altering the level and composition of the membrane quinone pool, the level of NDH-1 enzyme, and perhaps the level of relative NDH-1 activity, as well. This may have confounded our attempt to determine the effect of the nuoG(Q297K), nuoM(A254S) or nuoN(A444E) mutations on NDH-1 activity, if the effect of these mutations is small. Although mean activities were 28 % to 66 % of wild-type for the suppressor mutant strains compared with the DubiA ubiE(T78I) mutant strain (23 % of wild-type), there was a large standard error variation in sample activity. Moreover, dNADH-DB reductase and dNADH-K 3 Fe(CN) 6 reductase activities for the DubiA nuoG(Q297K), DubiA nuoM(A254S) or DubiA nuoN(A444E) mutant strains were about twofold higher than those of the wild-type, suggesting that the amount of NDH-1 was greater. However, IC 50 values for the NDH-1 inhibitor capsaicin-40 were similar (132 to 151 nM) for membrane preparations from wild-type and nuoG(Q297K), nuoM(A254S) or nuoN(A444E) mutants (strains CB534, CB535 and CB536, respectively) . This suggests that the affinity for quinone is unchanged by the mutations.
Additional suppressor mutant strains
Subsequently, four additional mutant strains with rescued motility were isolated from the DubiA ubiE(T78I) mutant strain inoculated into soft tryptone agar (Fig. S2c) . The nuoG, nuoM and nuoN genes were sequenced by dideoxynucleotide chain-termination sequencing. A mutation was found for each strain: nuoG(R286C), nuoN(S348P), nuoN(S431G) and nuoN(G454S). Phenotypes of these strains have not been characterized, nor is it known if these were the only new mutations; however, these residues are predicted to be proximal to Q297 of NuoG or A444 of NuoN. dIt was not possible to maintain a strain with a DubiA mutation only and no secondary mutation.
C. S. Barker and others
Modelling of NDH-1 mutants NDH-1 is an L-shaped enzyme composed of a cytoplasmic hydrophilic domain and a membrane-embedded hydrophobic domain (Efremov & Sazanov, 2011a; Verkhovskaya & Bloch, 2013) . The hydrophilic domain consists of six subunits in S. enterica (NuoC and NuoD are fused) containing the NADH-binding site, a flavin-mononucleotide and nine iron-sulfur clusters that comprise the electron transfer pathway, conferring transfer of electrons from NADH to quinone. The hydrophobic domain comprises seven subunits that pump protons from the cytoplasm into the periplasmic space. The mechanism of NDH-1 has been a subject of intense debate, but it is agreed that the energy comes from the redox reaction between NADH and the quinone pool (Ohnishi et al., 2010) . The structure of NDH-1 from T. thermophilus has been solved at 3.3 Å (Baradaran et al., 2013) and the structure of the membrane domain of E. coli NDH-1 has been reported at 3.0 Å resolution (Efremov & Sazanov, 2011b) . The three largest subunits of the membrane domain, NuoL, NuoM and NuoN, are homologous to each other and to Na + /H + antiporter complex (Mrp) subunits and each contains a putative proton-translocation channel (Efremov & Sazanov, 2011b) . The NuoM and NuoN subunit sequences are highly conserved between E. coli and S. enterica. Residue A254 of NuoM is located on the cytoplasmic side of this subunit (Fig. 4a, b) . It lies at the beginning of transmembrane helix 8 (TM8), just after the short loop that connects TM7 to TM8. Residue A444 of the NuoN subunit is located in the cytoplasm (Fig. 4a, b) and is part of a loop connecting TM13 and TM14. These residues are close to, but not part of, the putative proton translocation channels, and they are not part of the quinone-binding site (Baradaran et al., 2013; Efremov & Sazanov, 2011b) . NuoG is homologous to Nqo3 in the hydrophilic domain of T. thermophilus NDH-1. Residue Q297 of NuoG aligns with residue E324 of Nqo3 (Fig. S4) . The role of the Cterminal domain of NuoG/Nqo3 in the function of NDH-1 is not fully understood. Residue E324 is located on the surface of Nqo3 and far from both the proposed electrontunneling pathway (Hayashi & Stuchebrukhov, 2010 ;
Anti-NuoB Antibodies
Anti-NuoK
Anti-NuoM Fig. 3 . Immunoblotting of membrane preparations from S. enterica. Total membrane protein (15 mg per lane) was loaded onto a Laemmli SDS-15 % (w/v) polyacrylamide gel. Strains were: wild-type, SJW1103; DubiA ubiE(T78I), CB392; DubiE, CB393; DubiA ubiE(T78I) nuoG(Q297K), CB397; DubiA ubiE(T78I) nuoM(A254S), CB398; DubiA ubiE(T78I) nuoN(A444E), CB399; DnuoG, CB498; nuoG(Q297K), CB534; nuoM(A254S), CB535; nuoN(A444E), CB536; DubiA nuoG(Q297K), CB560; DubiA nuoM(A254S), CB561; and DubiA nuoN(A444E), CB562. E. coli membrane containing NDH-1 was applied as a positive control. Antibodies specific to NuoG, NuoF, NuoB, NuoK and NuoM were used. Wittekindt et al., 2009 ) and the hydrophobic membraneembedded domain (Fig. 4c) .
While the mutated residues of NDH-1 that rescue motility of a ubiquinone-biosynthesis mutant strain are far from the electron-tunnelling pathway and appear not to be directly involved in proton translocation, this study suggests that they may have a role in modulating NDH-1 enzyme activity in vivo under certain growth conditions. These residues are at or not far from the cytoplasmic surface of NDH-1, which may explain how they affect NDH-1 function. Future studies should investigate the level of the proton motive force for the strains under different growth conditions, such as varying oxygen tension. In soft tryptone agar from where the suppressor mutant strains were isolated, there is likely to be a localized depletion of oxygen (and nutrients) as the cells respire. Also, the activity of purified NDH-1 and NDH-1 mutants should be analysed in the presence of various quinone analogues. gift provided by Hideto Miyoshi (Kyoto University, Japan). We are grateful to Tohru Minamino (Osaka University, Japan), the Escherichia coli Genetic Stock Center (Yale University, USA), and Nqo2, Nqo3, Nqo4, Nqo5, Nqo6, Nqo7, Nqo8, Nqo9, Nqo10, Nqo11, Nqo12, Nqo13, Nqo14, Nqo15 and Nqo16 . Four suppressor mutants were Q297K mutants of subunit NuoG. Subunit NuoG of S. enterica corresponds to subunit Nqo3 of T. thermophilus NDH-1. E324 of Nqo3 aligns with Q297 of NuoG, and this residue is indicated by an arrow and is coloured in yellow. FMN is the flavin mononucleotide. Q is the predicted quinone-binding site.
